Introduction
A plethora of plant developmental processes is controlled by auxins, including tropic responses to light and gravity, tissue differentiation, development and senescence (Delker et al., 2008) . The most naturally abundant auxin is indole-3-acetic acid, IAA (Estelle, 1996; Perrot-Rechenmann and Napier, 2005) , gradients of which are dependent on the directional import and export of the hormone into and out of cells. The chemiosmotic hypothesis of auxin transport (Rubery and Sheldrake, 1974; Raven, 1975; Goldsmith, 1977) states that the weak organic acid IAA (pKa of 4.8) is taken up by cells by a combination of carrier-mediated uptake (presumably of the IAA -anion) and diffusion of the undissociated lipophilic acid (IAAH). Within the neutral cytoplasm auxin will exist almost entirely as IAA -, effectively becoming trapped, and requiring an IAA -transporter to efflux it from the cell. The coordinated actions of influx and efflux carriers of IAA are necessary to drive polar auxin transport and to generate the hormone gradients which regulate cellular events. Despite their importance there is still relatively little biochemical characterization of these transport proteins (Estelle, 1996; Friml, 2003; Blakeslee et al., 2005; Kerr and Bennett, 2007) .
In recent years the proteins responsible for auxin influx (AUX/LAX) and efflux (PINs and multidrug resistance type ATP binding cassette transporters) have been identified in genetic screens (Palme and Galweiler, 1999; Noh et al., 2001 ). AUX1, from Arabidopsis thaliana (Bennett et al., 1996) , represents the paradigm for auxin influx carrier proteins (Kerr and Bennett, 2007) , which are represented in all plant species analysed to date. The protein is believed to act as a proton:auxin symporter and shares a high degree of sequence homology to the amino acid auxin permease (AAAP) family of transporters (Saier, 2000) and indeed may be part of the general amino acid polyamine cation transport family (Jack et al., 2000) .
Recent characterization of AUX/LAX (and PIN) family members has shifted from in planta assays to in vitro assays following expression of the proteins in heterologous systems (Petrasek et al., 2006; Yang et al., 2006; Kerr and Bennett, 2007) . The most notable achievement of this research has been the demonstration that AUX1 is a high affinity IAA importer when expressed heterologously in Xenopus oocytes (Yang et al., 2006) . Importantly, this research was able to demonstrate that AUX1 is likely to function as a transporter of the anionic form of IAA (IAA -) which co-exists with uncharged IAA (IAAH) at the mildly acidic pH (ca. 5.2 to 5.5) of the apoplast (Yang et al., 2006) . The Km for IAA uptake into Xenopus oocytes was determined to be 800 nM, compared to previous estimates obtained in studies of crown gall suspension cells of 1-5 µ M (Rubery and Sheldrake, 1974) .
Understanding the transport of IAA by AUX1 requires quantitative characterization of a multi-step process involving ligand recognition at the extracellular face, protein conformational changes and ligand release into the cytoplasm. In the current manuscript we have investigated the initial step of auxin transport, namely the interaction of AUX1 with IAA. Determination of AUX1:IAA interactions has been achieved using a radio-ligand binding assay, having expressed the protein to high levels in a baculovirus-infected insect cell system. We have determined that AUX1 is able to bind IAA and that the affinity (K d ) of this binding is comparable with the Km obtained for transport (Rubery and Sheldrake, 1974; Yang et al., 2006) . A range of auxin analogues has also been investigated for their relative affinity for the AUX1 transporter and this data can be reconciled with in vivo effects of these compounds. (500 nM) and membranes were co-incubated with increasing concentrations of analogue/inhibitor (3 nM to 1 mM in semi-log intervals).
Materials and Methods
Saturation binding data was fitted using non-linear least squares regression of the equation , where f is the fractional IAA binding observed in the presence of concentration, S, of a competing compound. The IC 50 represents the concentration of competing ligand required to displace 50% of IAA specifically bound to AUX1 containing membranes. All data fitting was performed using GraphPad Prism 4.0, and each data point shown is the result of at least triplicate determinations within each experiment, and multiple, independent membrane preparations were employed.
Results

HA-AUX1 expression in insect cells
In order to investigate the binding of IAA and related auxins and auxin-like compounds to the auxin influx transporter AUX1, we expressed an epitope-tagged version of AUX1 in Sf9 insect cells. The N-terminal tagging of AUX1 with the HA tag (amino acid sequence YPYDVPDY) does not affect the localization or function of the protein, and indeed an HA-AUX1 transgene is able to rescue the agravitropic phenotype of an aux1-22 phenotype in plants (Swarup et al., 2001) . The presence of the epitope tag enables easy identification of the protein following heterologous expression. Optimum expression conditions were determined ( Figure 1 ) and, routinely, cells were harvested 72 hours post infection. Comparable expression data in several different prokaryotic and eukaryotic expression systems indicated that the baculovirus expression system was most suited to production of large quantities of HA-AUX1-containing membranes (Carrier et al in preparation).
IAA binds specifically to AUX1 with low micromolar affinity
Initial attempts to establish a robust binding assay to measure the AUX1:IAA interaction tested the separation of free IAA from bound IAA by rapid filtration through a vacuum manifold. Despite employing numerous different filters (and combining these with protein precipitation methods) we were unable to show linear dependence of non-specific binding on protein load (Figure 2 ). Consequently we tested centrifugation and determined that a brief (5 minutes) centrifugation (20,000g) of Sf9 membranes was sufficient to pellet in excess of 70% of the protein (data not shown), and give a linear dependence of non-specific binding on both sample size and IAA concentration, affording confidence in the assay's ability to measure specific AUX1:IAA interactions ( Figure 3B . This is also consistent with structure:activity analyses of indole-3-acetic acid and related compounds that proposed a key stereo-chemical role for the acetic acid group in determination of auxin specificity (Katekar, 1979) .
Auxin transport inhibitors displace IAA binding from AUX1
The displacement of IAA from AUX1 was investigated with a series of auxin analogues and auxin transport inhibitors. All compounds tested were able to completely displace (>95%) the binding of IAA to AUX1 ( Figure 6A -E). The specificity of AUX1:competitor interactions was substantiated by the failure of a structurally unrelated weak organic acid (benzoic acid)
to displace binding in the same concentration range ( Figure 6F ). By determining full doseresponse curves for the displacement of IAA binding to AUX1 we were able to determine IC 50 values (i.e. the concentration required to reduce the specific binding of IAA to AUX1 by 50%) for 5 selected compounds ( Figure 6A -E, Table 1 ). IC 50 values represent a measure of the relative affinity of each compound for IAA binding site on AUX1. The synthetic auxin 2,4-D, which requires a carrier for uptake into cells (Delbarre et al., 1996) inhibits IAA biding to AUX1 at pH 6.4 (at which value essentially all of the IAA and 2,4-D exist in the anionic form) with an IC 50 of 40 µ M. The freely membrane permeable auxin 1-naphthylacetic acid (1-NAA; (Delbarre et al., 1996) ) also inhibits binding of IAA to AUX1 with a comparable IC 50 (Figure 6b ). The IC 50 s of the auxin influx inhibitors 1-naphthoxyacetic acid
(1-NOA) and 3-chloro-4-hydroxyphenoxyacetic acid (CHPAA) are not significantly different to this those of 1-NAA and 2,4-D (P > 0.1), suggesting they have comparable affinities for AUX1. In contrast, the auxin influx inhibitor 2-naphthylacetic acid (2-NAA has an IC 50 of 3.6 µ M suggesting an approximate 10-fold more effective displacement of IAA in our assay conditions.
Discussion
The transport of auxin into plant cells occurs down both a proton and auxin concentration gradient (Lomax et al., 1995) . Members of the AAAP family of membrane transporters (Saier, 2000) are proposed to be the primary auxin influx carriers in addition to which there is evidence of auxin import facilitated by the ABC transporter, AtABCB4 (previously known as AtPgp4) (Santelia et al., 2005; Terasaka et al., 2005; Cho et al., 2007; Verrier et al., 2008) .
The AUX/LAX family of membrane transporters, conserved in all higher plant species, are believed to act as IAA:H + symporters. In the current investigation we provide the first direct determination of the affinity of an auxin importer for its cognate ligand, although a preliminary estimate for the Kd of naphthylphthalamic acid binding to AtABCB1 (an auxin efflux pump previously known as AtMDR1 (Verrier et al., 2008) ) expressed in yeast membranes has been obtained (Noh et al., 2001 ).
We believe that we are directly measuring IAA binding for three primary reasons. Firstly, we see essentially no specific interaction of IAA with Sf9 membranes isolated from non-AUX1 expressing cells. This suggests that anion trapping is not occurring in our experiments.
Consistent with this, our membrane preparations are formed in a low ionic strength buffer precluding the formation of vesicles with a sizeable internal volume, which we have confirmed by electron microscopy (data not shown). Finally, we show that IAA displacement is specific to auxin analogues since benzoic acid is not able to displace IAA binding. Our Our pH profile for IAA binding to AUX1 affords further confidence that the function of AUX1 is largely preserved our heterologous system. The pH optimum for specific binding was observed between pH 5.0 and 6.0, where IAA would be expected to be 60-95% in the dissociated state. The reduction in observed specific binding at pH greater than 7.0 is consistent with a reduced interaction with IAA following transport of the hormone to the neutral cytoplasm. It is also tempting to speculate that one or more ionisable residues within AUX1 with pKas close to neutrality may be key in the transport process, as seen for conserved histidine residues in the related human proton-coupled amino acid transporter (Metzner et al., 2008) .
The role of auxin in plant development has led to the development of numerous synthetic auxin analogues as specific inhibitors of the influx and efflux pathways. In the current study 2 synthetic auxins and 3 auxin influx inhibitors (Imhoff et al., 2000; Parry et al., 2001 ) were analysed for their ability to displace IAA binding from AUX1. All were able to completely displace the bound IAA, and the IC 50 values for this displacement can be compared with their relative abilities to inhibit radiolabelled 2,4-D uptake into tobacco suspension cells (Delbarre et al., 1996; Imhoff et al., 2000) . Notably, this study identifies 2-NAA as having the highest relative affinity of the auxin influx inhibitors analysed, which parallels the conclusions from suspension cell studies (Delbarre et al., 1996; Imhoff et al., 2000) , membrane vesicle experiments (Jacobs and Hertel, 1978; Hertel et al., 1983) and tissue transport data (Sussman and Goldsmith, 1981) . There is an approximate 10-fold difference in our measured IC 50 values (low micromolar) and the values responsible for inhibition of 2,4-D uptake (usually 10-fold higher; (Delbarre et al., 1996; Imhoff et al., 2000) ). Since IC 50 values are strictly assay dependent with variation due to, for example, protein concentration and temperature, direct comparisons of the data are precluded.
The aux1 agravitropic phenotype in plants is to some extent mirrored by an alternative mutation, axr4. Further analysis of this mutation has led to the determination that the AUX1 protein requires an endoplasmic reticulum localized accessory protein, AXR4, for correct targeting to the plasma membrane (Dharmasiri et al., 2006; Hobbie, 2006 ). In the current study, and in heterologous system transport studies, it has now been determined that the overall Km for auxin transport and the Kd for auxin binding are similar to estimates for transport Km in plant cells (Yang et al., 2006) . Since AXR4 homologues are apparently absent in insects (Adams et al., 2000) and amphibians, this reinforces the suggestion that although AUX1 requires AXR4 for targeting in plants, it is not a fundamental requirement for correct function.
The elucidation of the K d for IAA binding to AUX1, together with the recent determination of the Km for transport (Yang et al., 2006) and the generation of a set of allelic AUX1
isoforms (Swarup et al., 2004) are all important steps towards a full biochemical understanding of the transport cycle of AUX1, which has important implications for our understanding of the generation and maintenance of physiologically relevant auxin gradients (Kramer and Bennett, 2006) , and for mathematical modelling of such processes. %IAA binding Figure 6 . IAA binding is displaced by competing auxinic compounds. IAA binding to HA-AUX1 containing membranes was allowed to come to equilibrium in the presence of increasing concentrations of the indicated competing ligands. After 90 minutes, the specific binding of IAA was determined and plotted as a function of the competing ligand concentration, and fitted to the general dose response curve to determine an IC50 for each compound.
